INTRODUCTION
The accurate expression for calculation in turbulent heat transfer is necessary to clarify the onset of subcooled nucleate boiling, subcooled boiling heat transfer and DNB, whose knowledge is important to discuss the mechanisms of subcooled flow boiling critical heat flux in a short vertical tube. Many researchers have experimentally studied the turbulent heat transfer in pipes and given the correlations for calculating turbulent heat transfer coefficients.
• Dittus and Boelter (1930) : 
The objectives of present study are fourfold. First is to measure the turbulent heat transfer coefficients on Platinum test tubes with different test tube inner diameter, heated length and L/d for wide ranges of test tube surface temperature (T s ), inlet liquid temperature (T in ) and flow velocity. Second is to clarify the influences of test tube inner diameter, L/d, test tube surface temperature, liquid temperature and flow velocity on the turbulent heat transfer. Third is to derive the correlation of the turbulent heat transfer in a short vertical tube based on the experimental data. Fourth is to discuss the mechanisms of turbulent heat transfer in a short vertical tube.
TURBULENT HEAT TRANSFER
The turbulent heat transfer coefficients, h, for the flow velocities (u=4.0 to 21 m/s), the inlet liquid temperatures (T in =296.5 to 353.4 K), the inlet pressures (P in =810 to 1014 kPa) and the increasing heat inputs (Q 0 exp(t/τ), τ=10, 20 and 33.3 s) are systematically measured by the experimental water loop. The Platinum test tubes of test tube inner diameters (d=3, 6 and 9 mm), heated lengths (L=32.7 to 100 mm), ratios of heated length to inner diameter (L/d=5.51 to 33.3) and wall thicknesses (δ=0.3, 0.4 and 0.5 mm) with surface roughness (Ra=0.40 to 0.78 μm) are used.
It has been clarified that the turbulent heat transfer coefficient, h, are almost proportional to u 0.14 ] versus log (Re d ) graph in Fig. 1 . The curves derived from Eq. (7) are also shown in Fig. 1 . Most of the data are within 15 % difference of Eq. (7) for wide range of the temperature difference between heater inner surface temperature and average bulk liquid temperature (ΔT L =5 to 140 K) with d=3, 6 and 9 mm, L=32.7 to 100 mm and u=4.0 to 21 m/s. Eq. (7) n=0.85
The Japan Society of Mechanical Engineers NII-Electronic Library Service and 33.3 s) are systematically measured by the experimental water loop. The Platinum test tubes of test tube inner diameters (d=3, 6 and 9 mm), heated lengths (L=32.7 to 100 mm), ratios of heated length to inner diameter (L/d=5.51 to 33.3) and wall thicknesses (δ=0.3, 0.4 and 0.5 mm) with surface roughness (Ra=0.40 to 0.78 μm) are used in this work. The turbulent heat transfer data for Platinum test tubes were compared with the values calculated by other workers' correlations for the turbulent heat transfer. The influences of Reynolds number (Re), Prandtl number (Pr), Dynamic viscosity (μ) and L/d on the turbulent heat transfer are investigated into details and, the widely and precisely predictable correlation of the turbulent heat transfer for heating of water in a short vertical tube is given based on the experimental data. The correlation can describe the turbulent heat transfer coefficients obtained in this work for wide range of the temperature difference between heater inner surface temperature and average bulk liquid temperature (ΔT L =5 to 140 K) with d=3, 6 and 9 mm, L=32.7 to 100 mm and u=4.0 to 21 m/s within ±15 % difference.
INTRODUCTION
The accurate expression for calculation in turbulent heat transfer is necessary to clarify the onset of subcooled nucleate boiling, subcooled boiling heat transfer and DNB (departure from nucleate boiling), whose knowledge is important to discuss the mechanisms of subcooled flow boiling critical heat flux in a short vertical tube. Many researchers have experimentally studied the turbulent heat transfer in pipes and given the correlations for calculating turbulent heat transfer coefficients (Dittus and Boelter, 1930 , Nusselt, 1931 , Sieder and Tate, 1936 , Petukhov, 1970 and Gnielinski, 1976 ).
• Dittus and Boelter (1930) (Hata et al., 2002 (Hata et al., , 2003a (Hata et al., , 2003b (Hata et al., , 2004a (Hata et al., , 2004b (Hata et al., , 2004c (Hata et al., , 2004d (Hata et al., , 2005a (Hata et al., , 2005b (Hata et al., , 2006a (Hata et al., , 2006b (Hata et al., , 2006c (Hata et al., , 2006d (Hata et al., , 2006e, 2006f and 2007 . However, more widely and precisely predictable correlation of turbulent heat transfer for heating of water in a short vertical tube has been desired to clarify the onset of subcooled nucleate boiling, subcooled boiling heat transfer and DNB for the SUS304 test tubes. Because the test tube was heated with an exponentially increasing heat input supplied from a direct current source and the average temperature of the SUS304 test tube is measured with resistance thermometry participating as a branch of a double bridge circuit for the temperature measurement. However, the relationship between the electrical resistance and the temperature is not rigidly fixed at each experimental run, in case of alloy test tube such as SUS304. It is necessary to correct the relationship between the electrical resistance and the temperature compared with the values calculated by the correlation of turbulent heat transfer for each experimental run.
EXPERIMENTAL APPARATUS AND METHOD
The schematic diagram of experimental water loop comprised of the pressurizer is shown in Fig. 1 . The loop is made of SUS304 stainless steel and is capable of working up to 2 MPa. The loop has five test sections whose inner diameters are 2, 3, 6, 9 and 12 mm. Test sections were vertically oriented with water flowing upward. The three test sections of the inner diameters of 3, 6 and 9 mm were used in this work. The circulating water was distilled and deionized with about 5-MΩcm specific resistivity. The circulating water through the loop was heated or cooled to keep a desired inlet temperature by pre-heater or cooler. The flow velocity was measured by a mass flow meter using a vibration tube. The flow velocity was controlled by regulating the frequency of the three-phase alternating power source to the canned type circulation pump. The water was pressurized by saturated vapor in the pressurizer in this work. The pressure at the inlet of the test tube was controlled within ±1 kPa of a desired value by using a heater controller of the pressurizer.
The cross-sectional view of 6 and 9 mm inner diameter test sections used in this work is shown in Fig. 2 . The Platinum (Pt) test tubes for the test tube inner diameters of 3, 6 and 9 mm with the commercial finish of inner surface were mainly used in this work. Wall thicknesses of the test tubes, δ, were 0.3, 0.4 and 0.5 mm. The inner surface conditions of the test tubes were observed by the SEM photograph and inner surface roughness was measured by Tokyo Seimitsu Co., Ltd.'s surface texture measuring instrument (SURFCOM 120A). Figure 3 shows the SEM photograph of the Platinum (Pt) test tube for d=6 mm with commercial finish of inner surface. The inner surface roughness for Ra, Rmax and Rz are measured 0.40, 2.20 and 1.50 μm for d=3 mm, 0.45, 2.93 and 1.93 μm for d=6 mm, and 0.78, 3.90 and 2.64 μm for d=9 mm respectively. The silver-coated 5-mm thickness copper-electrode-plates to supply heating current were soldered to the surfaces of the both ends of the test tube. The both ends of test tube were electrically isolated from the loop by Bakelite plates of 14-mm thickness. The test tubes were also thermally insulated from atmosphere with a Bakelite block of 120 mm wide, 80 mm deep and L mm high.
The test tube was heated with an exponentially increasing heat input supplied from a direct current source (Takasago Ltd., NL035-500R, DC 35 V-3000 A) through the two copper electrodes shown in Fig. 4 . The common specifications of the direct current source are as follows. Constant-voltage (CV) mode regulation is 0.005 %+3 mV of full scale, CV mode ripple is 500 μV r.m.s. or better and CV mode transient response time is less than 200 μsec (Typical) against 5 % to full range change of load.
The average temperature of the test tube was measured with resistance thermometry participating as a branch of a double bridge circuit for the temperature measurement. The output voltages from the bridge circuit together with the voltage drops across the two electrodes and across a standard resistance were amplified and then were sent via a D/A converter to a digital computer. These voltages were simultaneously sampled at a constant time interval ranging from 60 to 200 ms. The average temperature of the test tube was calculated with the aid of previously calibrated resistance-temperature relation. The heat generation rate in the test tube was calculated from the measured voltage difference between the potential taps of the test tube and the standard resistance. The surface heat flux is the difference between the heat generation rate per unit surface area and the rate of change of energy storage in the test tube obtained from the faired average temperature versus time curve as follows:
where ρ, c, V and S are the density, the specific heat, the volume and the inner surface area of the test tube, respectively. The heater inner surface temperature was also obtained by solving the heat conduction equation in the test tube under the conditions of measured average temperature and surface heat flux of the test tube. The temperature of the heater inner surface, T s , can be described as follows: 
In case of the 3, 6 and 9 mm inner diameter test sections, before entering the test tube, the test water flows through the tube with the same inner diameter of the test tube to form the fully developed velocity profile. The entrance tube lengths, L e , are given 240, 333 and 333 mm (L e /d=80, 55.5 and 37). The values of L e /d for d=3, 6 and 9 mm in which the center line velocity reaches 99 % of the maximum value for turbulence flow were obtained ranging from 9.8 to 21.9 by the correlation of Brodkey and Hershey (1988) as follows:
The inlet and outlet liquid temperatures were measured by 1-mm o.d., sheathed, K-type thermocouples which are located at the centerline of the tube at the upper and lower stream points of 283 and 63 mm from the tube inlet and outlet points. The inlet and outlet pressures were measured by the strain gauge transducers, which were located near the entrance of conduit at upper and lower stream points of 63 mm from the tube inlet and outlet points. The thermocouples and the transducers were installed in the conduits as shown in Fig. 2 . The inlet and outlet pressures for d=6 and 9 mm were calculated from the pressures measured by inlet and outlet pressure transducers as follows:
Experimental errors are estimated to be ±1 K in inner tube surface temperature and ±2 % in heat flux. Inlet flow velocity, inlet and outlet subcoolings, inlet and outlet pressures, and exponential period were measured within the accuracy ± 2 %, ±1 K, ±1 kPa and ±2 % respectively.
EXPERIMENTAL RESULTS AND DISCUSSION

Experimental Conditions
The initial experimental conditions such as inlet flow velocity, inlet and outlet subcoolings, inlet and outlet pressures, and exponential period for the turbulent heat transfer experiments were determined independently each other before each experimental run.
The experimental conditions were as follows: 
Heater Material Pt
Inner Diameter (d) 3, 6 and 9
Turbulent Heat Transfer
Figures 5, 6 and 7 show the typical examples of the turbulent heat transfer curves for Platinum test tubes of d=3, 6 and 9 mm, L=32.7, 69.6 and 49.6 mm, and L/d=10.9, 11.6 and 5.51 respectively with the exponential period, τ, of around 33.3 s at u=13.3 m/s. These experimental data are compared with the values derived from the correlations, Eqs.
(1) to (6). The experimental data for d=3 mm at the high heat flux point shown in Fig. 5 are 17.6 to 53.8 % higher than the values derived from these correlations at a fixed temperature difference between heater inner surface temperature and average bulk liquid temperature (ΔT L =constant) and 20 to 64 K lower than the values derived from these correlations at a fixed heat flux (q=constant). And those for d=6 and 9 mm at the high heat flux point shown in Figs. 6 and 7 are 24.7 to 62.7 % and 23.8 to 60.5 % higher, and 26 to 75 K and 15 to 41 K lower respectively. The viscosity gradient of the fluid in the tube is taken into account by means of the ratio of μ/μ w , where μ is the viscosity of the fluid at its main stream temperature and μ w is its viscosity at the temperature of the tube wall. As shown in Fig. 11 , the exponent, n, of μ/μ w is almost taken as 0.14 in the expression for the turbulent heat transfer coefficient, h, for the inner diameter of 6 mm, the heated length of 69.6 mm and the L/d of 11.6 in the range of the ΔT L from 5 to 140 K. This shows nearly the same trend of dependence on μ/μ w firstly suggested by Sieder and Tate (1936) as shown in Eq. (3).
Influence of flow velocity, inner diameter, L/d and μ/μ w
Turbulent Heat Transfer Correlation
It has been clarified that the turbulent heat transfer coefficient, h, are almost proportional to u 0.85
and (μ/μ w ) 0.14 in the range of the ΔT L from 5 to 140 K based on the experimental data. 4 dependence for our data can also be seen for the correlation, Eq. (1), derived by Dittus and Boelter (1930) .
Influence of Prandtl number
Influence of Reynolds number
All the data for wide ranges of test tube inner diameters (d=3, 6 and 9 mm), heated lengths (L=32.7 to 100 mm), L/d=5.51 to 33.3, inlet liquid temperatures (T in =296 to 353 K), flow velocities (u=4.0 to 21 m/s) and temperature differences between heater inner surface temperature and average bulk liquid temperature (ΔT L =5 to 140 K) are plotted on log [
0.14 ] versus log (Re d ) graph in Fig. 13 to determine the final value of the exponent, n, for Re d . The final value of n was also given 0.85 as the best-fitted one based on the experimental data in this work.
Correlation
The turbulent heat transfer correlation is derived as 12) for wide range of the temperature difference between heater inner surface temperature and average bulk liquid temperature (ΔT L =5 to 140 K) with d=3, 6 and 9 mm, L=32.7 to 100 mm and u=4.0 to 21 m/s.
CONCLUSIONS
The turbulent heat transfer coefficients, h, for the flow velocities (u=4.0 to 21 m/s), the inlet liquid temperatures (T in =296.5 to 353.4 K), the inlet pressures (P in =810 to 1014 kPa) and the increasing heat inputs (Q 0 exp(t/τ), τ=10, 20 and 33.3 s) are systematically measured by the experimental water loop. The Platinum test tubes of test tube inner diameters (d=3, 6 and 9 mm), heated lengths (L=32.7 to 100 mm), ratios of heated length to inner diameter (L/d=5.51 to 33.3) and wall thicknesses (δ=0.3, 0.4 and 0.5 mm) with surface roughness (Ra=0.40 to 0.78 μm) are used. Experimental results lead to the following conclusions.
1) The h for u=4.0 to 21 m/s becomes linearly higher with an increase in the flow velocity. The slope, n, on the log-log graph kept almost constant about 0.85 with the ΔT L of 40, 80 and 120 K.
2) The h for d=3, 6 and 9 mm is almost proportional to d 
Flow direction
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